SUMMARY Regional cerebral blood flows and shunting of microspheres with four different sizes (9,12, 16 and 25 /u,m) into the superior sagittal sinus were determined in twelve dogs. Venous blood was collected from the superior sagittal sinus for 120 min after the injection of microspheres, and the dogs were then sacrificed immediately. Results on blood flow measurements and venous shunting determinations were similar between left ventricular and left atrial injections. Blood flows measured by 12,16 and 25 /xm spheres were comparable in various brain tissues, except the choroid plexus. 9 ju.m spheres underestimated blood flows in all regions studied: by 13-19 percent in the cerebral cortex, midbrain, brain stem and cerebellum, by 34-42 percent in the cortical white matter, corpus callosum and cervical cord, and by 64-81 percent in pituitary gland and choroid plexus. These results probably reflect regional difference in microvascular architecture. Venous shunting of 9,12,16 and 25 p-tn spheres during a 2 hr period were 23.6 ± 2.5,12.6 ± 1.2, 4.8 ± 1.4, and 4.0 ± 1.2 percent (mean ± SEM), respectively, with respect to the arterial delivery. Although most of the venous shunting occurred during the first 3 min after the injection of microspheres, it continued 3-60 min after the injection. Beyond 60 min, the venous shunting became minimal for 16 and 25 /urn spheres, while significant amount of 9 jam spheres continued to appear in sagittal sinus. This time dependent shunting indicates that some microspheres may be transiently trapped in the microcirculation and become gradually dislodged with time. Failure to consider this time dependence may underestimate the shunting of microspheres through the microcirculation. The difference in percent shunting between 9 and 15 (im spheres estimated by cerebral cortex counting agreed well with that by sagittal sinus sampling when both were determined at 120 min after the injection of microspheres.
venous sampling underestimates the degree of shunt ing. Further studies over a longer time course are need ed in order to elucidate the trapping and shunting phe nomena and improve the use of microsphere technique in regional blood flow measurements.
Besides the complete entrapment, another require ment for accurate blood flow measurement with the microsphere technique is that the spheres are adequate ly mixed in the arterial blood prior to distribution to the various regions under study. Inadequate mixing may result in maldistribution of spheres in the arterial sys tem and hence erroneous values for regional blood flows. It has been shown that microspheres are ade quately mixed when injected into the left artium. 10 This technique, however, requires a thorocotomy for left artrial cannulation. An alternative method using left ventricular injection in a closed chest preparation has been demonstrated to yield results on renal blood flow comparable to those obtained following left atrial in jection. 11 There is a lack of quantitative assessments of left ventricular injection of microspheres, as compared to left atrial injection, in regional cerebral blood flow measurements.
The present study was undertaken: (a), to determine the magnitude of venous shunting through the cerebral circulation and the differences in regional blood flow measurements with the use of different sizes of micro spheres, (b). to establish the temporal course of the shunting of microspheres through the cerebral circula tion over a period of 120 min, and (c). to compare the regional cerebral blood flows measured by left ventric ular and left atrial injections of microspheres.
were initially anesthetized with 30 mg/kg of sodium pentobarbital intravenously and supplemented with ap proximately 2 mg/kg hourly. Pancuronium bromide (0.2 mg/kg) was given intravenously for muscle relax ation. The trachea was intubated and mechanical venti lation was used to maintain the arterial CO z tension (P a C0 2 ) between 36 and 42 torr. Oxygen was added to the inspired air at a low flow rate (1 L/min) in order to ensure an arterial oxygen tension (P a 0 2 ) greater than 100 torr. The P a 0 2 and P a C0 2 of arterial blood samples were determined with a blood gas analyzer (Model 213, Instrumentation Laboratory, Lexington, MA). The esophageal temperature was maintained constant between 37 and 38°C with heating pads. A femoral artery was cannulated with a pig-tailed catheter (US catheter and Instrument Corp., Billerica, MA) and the catheter was advanced into the left ventricle as assured by pressure tracing. Another catheter was placed into the lower abdominal aorta through the other femoral artery. The pressure tracings were recorded continu ously with the use of Statham transducers and a poly graph recorder (Model 7, Grass Instruments, Quincy, MA). A femoral vein was cannulated for blood re placement to balance the blood loss from sampling. A left thoracotomy was then performed at the fifth inter costal space. A catheter was inserted into the left atri um through a branch of pulmonary vein. The position of the left atrial catheter was ascertained by advancing the catheter into left ventricle and then withdrawing back until the pressure tracing changed to the atrial pattern. A catheter (PE 240 polyethylene tubing) was placed into the superior sagittal sinus through a midline trephenation. The dogs were then heparinized (1000 u/kg initially and 500 u/kg hourly).
Four different sizes of microspheres (nominally 9, 10, 15 and 25 /xm in diameter) were used in the present study. "^Sc-labelled 9 ;u.m spheres were obtained from 3M Co. (St. Paul, MN), and the other sized spheres labelled with four different radionuclides ("Co, 113 SN, 103 Ru and 96 Nb) were purchased from New England Nuclear, Inc. (Boston, MA). All spheres were sup plied as suspensions in 10 percent dextran solution (MW 78,000) and were thoroughly examined with re spect to the status of aggregation, presence of fragmen tation, specificity of radionuclides and specific activity after receiving each shipment. The actual sizes of these spheres were determined with the use of a multi-chan nel particle size analyzer (Coulter channelyzer Model 009 ZB, Coulter Electronics, Inc., Hialeah, FL) and the conversion of spherical volume to diameter. The diameter distributions of these microspheres were found to be 8.8 ± 0.8, 11.5 ± 1.5, 15.6 ± 1.9 and 25.0 ± 2.0 Mm (mean ± SD) respectively ( fig. 1) . Therefore, the spheres used in the present study will be identified as 9, 12, 16 and 25 fim microspheres.
The detailed preparation of the microspheres for injection has been reported elsewhere.
9,12
Precautions were taken to ensure complete dispersion of spheres with microscopic examination and to count the number of spheres to be injected with a hemacytometer. where Q x is the blood flow for a given tissue deter mined by using spheres with diameter x = 9, 12 or 25 fxm, and Q 16 is blood flow for the same tissue deter mined by using 16 fxm spheres. The results were tested statistically by two-way analysis of variance and Bonferroni multiple compari sons. 13 
Discussion
In the present study, the experiments were designed in order to minimize variations in experimental condi tions. Thus, the simultaneous injections of 12 Another assumption in using the microsphere tech nique for regional blood flow measurement is that the injected spheres are trapped completely in the tissue. The appearance of microspheres in the venous blood would indicate that some of the spheres have shunted through the arteriovenous connections whose diame ters are greater than those of capillaries. Various sizes
Comparison between
Comparison of sphere Percent shunting into the sagittal sinus (mean ± SEM) injection sites sizes (t-ratios) of arteriovenous anastomoses ranging from 7 to 76 /xm in diameter have been found in the dog brain. 5 It also has been reported that arteriovenous shunts up to 200 fxm in diameter exist in the pial vessels.' 6 With the use of 7-10, 15, 25 and 50 /im spheres, Marcus et al. 10 have suggested that two sizes of arteriovenous shunts present in the brain: small shunts, between 6 and 13 fim in diameter that are relatively numerous; and large shunts, probably greater than 35 /xm in diameter that are much lesser in number. The present data support the contention that at least two types of arteriovenous shunts exist in the brain. The large shunts, relatively few in numbers, permit the passage of 12, 16 and 25 fxm spheres. Since 12 and 16 fxm spheres yield essen tially the same flow values, the much more numerous smaller shunts are probably less than 12 fxm in diame ter; the only exception is the choroid plexus where the data indicate the presence of arteriovenous shunts be tween 12 and 16 fxm in diameter. It is worth noting that while arteriovenous shunts occur in the dog they may not be present in other species such as the human and subhuman primate.
The exact locations of various sizes of cerebral arter iovenous shunts in the dog can not be determined from the present results. However, since the shunting of 9 fxm spheres was 13 to 19 percent more than that of 16 fxm spheres in most brain regions containing signifi cant amounts of cell bodies ( fig. 2) , the small arterio venous shunts are rather evenly distributed in those areas. The present data also indicate that the small arteriovenous shunts are more prevalent in regions of central venous system containing primarily nerve fi bers (e.g. cortical white matter, corpus callosum, cer vical spinal cord), pituitary gland and choroid plexus. This is in accordance with the findings of Hasegawa et al. 17 that small thoroughfare channels (arteriovenous shunts) exist in relative abundance in the white matter. These small shunts probably allow 9 /xm spheres to bypass the capillary beds, leading to an underestima tion of the blood flow. Based on the data of sagittal sinus sampling, about 2.9 percent of 16 fxm spheres appeared in the venous blood during the first 3 min after the injection of mi crospheres (table 2) . This value agrees well with the 2 percent shunting of 15 and 25 /xm spheres into the sagittal sinus during the first 3 min reported by Marcus et al. 10 Since the sagittal sinus also drains venous blood from extracranial tissues, n -18 some of the shunted spheres may be of extracerebral origin. The extracra nial contamination is likely to be greater with smaller microspheres and this might be contributing to the apparent shunting through cerebral tissues. The extra cerebral contamination of the sagittal sinus, however, has been estimated to be less than 10 percent. 19 There fore, the extracerebral contamination can not be ac counted solely for the difference in venous shunting between the 9 fxm and 16 fxm spheres (23.6 percent vs 4.8 percent at 120 min) found in the present study. In a study using labelled 15 /xm spheres injected into the common carotid arteries, Kaihara et al-. 20 found that 7- 
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